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O

Targeted Metabolomics
Demonstrates Distinct and
Overlapping Maternal Metabolites
Associated With BMI, Glucose,
and Insulin Sensitivity During
Pregnancy Across Four Ancestry
Groups

Diabetes Care 2017;40:911-919 | https://doi.org/10.2337/dc16-2453

OBJECTIVE

We used targeted metabolomics in pregnant mothers to compare maternal metab-
olite associations with maternal BMI, glycemia, and insulin sensitivity.

RESEARCH DESIGN AND METHODS

Targeted metabolomic assays of clinical metabolites, amino acids, and acylcarnitines
were performed on fasting and 1-h postglucose serum samples from European
ancestry, Afro-Caribbean, Thai, and Mexican American mothers (400 from each
ancestry group) who participated in the Hyperglycemia and Adverse Pregnancy Out-
come (HAPO) Study and underwent an oral glucose tolerance test at ~28 weeks
gestation.

RESULTS

K-means clustering, which identified patterns of metabolite levels across ancestry
groups, demonstrated that, at both fasting and 1-h, levels of the majority of metab-
olites were similar across ancestry groups. Meta-analyses demonstrated association
of a broad array of fasting and 1-h metabolites, including lipids and amino acids and
their metabolites, with maternal BMI, glucose levels, and insulin sensitivity before
and after adjustment for the different phenotypes. At fasting and 1 h, a mix of
metabolites was identified that were common across phenotypes or associated with
only one or two phenotypes. Partial correlation estimates, which allowed compar-
ison of the strength of association of different metabolites with maternal pheno-
types, demonstrated that metabolites most strongly associated with different
phenotypes included some that were common across as well as unique to each
phenotype.

CONCLUSIONS

Maternal BMI and glycemia have metabolic signatures that are both shared and
unique to each phenotype. These signatures largely remain consistent across differ-
ent ancestry groups and may contribute to the common and independent effects of
these two phenotypes on adverse pregnancy outcomes.
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912 Maternal BMI and Glucose Metabolomics

Pregnancy is characterized by profound
changes in carbohydrate, fat, and protein
metabolism to meet the physiological de-
mands imposed by pregnancy and ensure
fetal growth and development (1-3).
Changes in insulin sensitivity are a hall-
mark of pregnancy and contribute to
the metabolic changes, while nutrient
transfer to the fetus impacts maternal
metabolite levels (2,4). Maternal hyper-
glycemia and obesity further alter mater-
nal metabolism (2,5).

Gestational diabetes mellitus (GDM)
and maternal obesity are both associated
with adverse pregnancy outcomes, in-
cluding pregnancy-related hypertensive
disorders, cesarean deliveries, and large-
for-gestational-age infants (5,6). However,
GDM confers a higher risk of preterm de-
livery compared with maternal obesity
not complicated by diabetes (5,6), and
maternal glycemia and BMI have an addi-
tive effect on birth weight and fetal adi-
posity (7-9). Together, these findings
suggest that maternal glycemia and
BMI may impact pregnancy outcomes
through both common and independent
mechanisms.

Pregnancy-related changes in metabo-
lism, including those accompanying ma-
ternal hyperglycemia and obesity, are
reflected in the maternal metabolome
(10-14), which is determined by both in-
trinsic (e.g., genetic) and extrinsic (e.g., diet,
exercise, etc.) factors (15,16). Whether the
maternal metabolome associated with
maternal BMI and glycemia varies, given
their common and independent effects
on pregnancy outcomes, is not known,
nor is the similarity of these associations
across ancestry groups with different ge-
netic backgrounds and environments.

To address these questions, we used
targeted metabolomics to compare asso-
ciations of maternal metabolites with ma-
ternal BMI and glycemia in mothers from
four ancestries and environments and de-
termine whether common associations
exist despite varied genetic and extrinsic
factors.

RESEARCH DESIGN AND METHODS

Data and Sample Collection

Maternal blood samples were obtained
during a 75-g oral glucose tolerance test
(OGTT) between 24 and 32 weeks ges-
tation during the population-based Hy-
perglycemia and Adverse Pregnancy
Outcome (HAPO) Study conducted during
2000-2006 at 15 international field

centers (9,17). Fasting and 1-h glucose
and C-peptide were measured. Insulin
sensitivity was calculated using OGTT glu-
cose and C-peptide measurements as
previously described (18). Maternal sam-
ples were collected, processed, shipped,
and stored centrally at —70°C prior to
metabolomics assays (19).

Maternal anthropometrics, including
height, weight, and mean arterial pres-
sure, were measured by trained person-
nel using standardized procedures and
calibrated equipment at OGTT. Maternal
BMI was calculated using height and
weight at OGTT. For 1,412 mothers in
this study with self-reported pregesta-
tional weight, there was 92.4% correla-
tion of OGTT BMI with pregestational
BMI calculated using measured height
and reported pregestational weight. Ges-
tational age was calculated as previously
described (9,17); self-identified ancestry,
parity, and other demographic data were
ascertained via questionnaire.

Metabolites were measured in mater-
nal fasting and 1-h serum samples from
400 mothers of Afro-Caribbean, Mexican
American, Northern European, and Thai
ancestry. Mothers were sampled to
span the range of maternal glucose and
BMI (9). Results for Northern European
ancestry mothers have been reported
previously (20,21).

Conventional Metabolites and
Targeted Metabolomics Assays
Conventional clinical metabolite and tar-
geted metabolomics assays were con-
ducted as previously described (18). In
brief, conventional metabolites (lactate,
triglycerides, B-hydroxybutyrate, glyc-
erol, and nonesterified fatty acids [NEFA])
were measured on a Beckman-Coulter
Unicell DxC 600 clinical analyzer. Targeted
metabolomics assays for acylcarnitines
and amino acids used tandem mass spec-
trometry with addition of known quanti-
ties of stable isotope-labeled internal
standards on an Acquity TQD Triple Quad-
rupole system (Waters Corporation, Mil-
ford, MA). Sixty-two conventional and
targeted metabolites were analyzed.

Statistical Analysis

Per-Metabolite Analysis

Acylcarnitine and [3-hydroxybutyrate lev-
els were log transformed for analysis.
Outlying metabolite values, defined as
five or more SDs from the mean, were
excluded from analysis.
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Metabolite levels were compared
across ancestries using ANOVA, and
K-means clustering was used to illustrate
patterns in metabolite means across an-
cestries, with inputs consisting of differ-
ences between ancestry-specific and
overall means, divided by ANOVA residual
SE for each metabolite. K-means cluster-
ing is a method for partitioning data into
groups that minimizes differences in val-
ues within clusters. Initially, data points
are randomly placed into one of a prespe-
cified number of groups. The mean value
of the observations in each group is cal-
culated, and points are reassigned to the
group with the closest mean. This process
proceeds iteratively until the mean value
of each group no longer changes. To avoid
arbitrarily prespecifying the number of
groups (K), the “NbClust” R package was
used (22). This package provides 30 data-
driven indices for identifying the optimal
number of clusters from a dataset. K was
chosen to be the number most frequently
identified among these 30 indices.

Associations between phenotypes and
metabolites were identified using linear
regression within ancestry group, treating
maternal phenotypes as predictors and
maternal metabolites as outcomes, ad-
justing for baseline covariates: field cen-
ter, mean arterial pressure, maternal age,
neonatal sex, sample storage time, and
gestational age at OGTT. Maternal pheno-
types included BMI (with and without glu-
cose adjustment), fasting and 1-h glucose
(with and without BMI adjustment), and
insulin sensitivity (with and without BMI
adjustment). False discovery rate (FDR)
correction (23) was applied to ancestry-
specific analyses; FDR-adjusted P val-
ues <0.05 were considered statistically
significant.

Since comparison of regression model
betas across maternal phenotypes and
metabolites is complicated by different
units of measurement and amounts of
variability, partial correlation estimates
(r,) were calculated for maternal pheno-
types and metabolites, after adjusting for
model covariates, to assist in interpreting
strength of associations. Partial correla-
tion estimates range in magnitude from
0to 1 (no to perfect association) and rep-
resent association strength on a compa-
rable scale for all maternal phenotypes
and metabolites. Sample sizes of 400 for
within-ancestry analyses afforded 90%
power at two-sided « = 0.001 (roughly
consistent with FDR adjustment for
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62 metabolites to maintain overall 5%
type | error) to detect partial correlations
of 0.24, assuming up to 0.30 correlation
of maternal phenotypes with other model
covariates.

Meta-analysis

To combine effect estimates across anal-
yses conducted for each ancestry group
for a combined measure of association
across all groups, random-effects meta-
analysis was performed. Betas from per-
metabolite analyses were combined
across ancestry groups using random-
effects meta-analysis with inverse vari-
ance weights and restricted maximum
likelihood estimation for heterogeneity
using the “metafor” R package (24). To
test whether effects varied across ances-
try groups, effect heterogeneity was de-
scribed using I? statistics, which measures
the percentage of variability in a meta-
analysis that is explained by heterogene-
ity across groups, and formally tested via
Cochran Q tests, which test whether ef-
fects are heterogeneous (i.e., small P val-
ues indicate effect heterogeneity across
groups) (25,26). FDR correction (23) was
again applied to meta-analysis and

Fasting Glucose
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Cochran Q test Pvalues, and FDR-adjusted
P values <0.05 were considered statisti-
cally significant. Meta-analyses of partial
correlation coefficients were performed
using Fisher z transformation (27). All sta-
tistical analyses were conducted using
R (version 3.2.2).

RESULTS

Maternal demographic data are pre-
sented in Supplementary Table 1. Moth-
ers spanned the range of maternal
glucose levels and BMI observed in
HAPO. Analyses examined association of
maternal fasting and 1-h metabolites with
maternal 1) fasting or 1-h glucose, 2) BMI,
and 3) insulin sensitivity.

Maternal Glucose

Association of maternal fasting and 1-h
glucose with fasting and 1-h metabolites,
respectively, was examined without
and with adjustment for maternal
BMI. Metabolites significantly associ-
ated with these phenotypes after BMI
and FDR adjustment are shown in Fig. 1.
Supplementary Tables 2—5 provide asso-
ciation data for all metabolites tested.

Jacob and Associates

In meta-analyses, metabolites associ-
ated with fasting and 1-h glucose were
largely similar before and after maternal
BMI adjustment, although the strength of
some associations differed after adjust-
ment. Associations of fasting triglycer-
ides, leucine/isoleucine, arginine, and a
long-chain acylcarnitine (C18) with fasting
glucose were attenuated by adjusting for
BMI (Supplementary Tables 2 and 3). One
hour postglucose, a medium-chain acyl-
carnitine, C14-OH/C12-DC, was associ-
ated with 1-h glucose before but not
after BMI adjustment (Supplementary
Tables 4 and 5).

Metabolites positively associated with
maternal fasting and 1-h glucose in meta-
analyses before and after maternal BMI
adjustment included the gluconeogenic
substrates alanine, lactate, glutamine/
glutamate, and asparagine/aspartate.
Fasting valine, a branched-chain amino
acid (BCAA), and proline, a gluconeogenic
amino acid, were positively associated
with FPG, whereas the BCAA leucine/
isoleucine and aromatic amino acid phe-
nylalanine were positively associated
with 1-h maternal glucose. Glycine was

1 Hour Glucose

Ancestry Group:

Direction of Effect
@ Afro-Caribbean: Positive
= Afro-Caribbean: Negative
= Northern European: Positive
= Northern European: Negative
= Mexican American: Positive

.+, @ Mexican American: Negative

B Thai: Positive
@ Thai: Negative

Metabolite Class
& Amino Acids
m Acylcamnitines
o Lipids
2 GC/TCA

Figure 1—Chord diagrams of fasting metabolite associations with fasting glucose (left panel) and 1-h metabolite associations with 1-h glucose (right panel)
in the four ancestry groups. Fasting and 1-h metabolites associated with fasting and 1-h glucose, respectively, were adjusted for maternal BMI. Metabolites
are arranged by metabolite class, and those in purple font were significantly associated with the respective phenotype in the meta-analysis. Metabolites
with no connecting chords were significant in the meta-analysis but not in any one cohort. Metabolites in black font were significant in only one or two
ancestry groups and not the meta-analysis. The width of the bar under each metabolite is proportional to the strength and number of associations across
groups. Individual chords to each metabolite indicate associations that were significant in that ancestry group, with the width of the chord being
proportional to the strength of the association. Positive and negative associations are indicated by lighter and darker colors as shown in the legend
on the right. GC, glycolysis; TCA, tricarboxylic acid cycle.
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negatively associated with 1-h glucose,
consistent with its known association
with insulin sensitivity (28).

In meta-analyses of lipid-related me-
tabolites, NEFA were negatively associ-
ated with FPG, whereas both NEFA and
triglycerides were positively associated
with 1-h glucose. Similarly, several long-
and medium-chain acylcarnitines associ-
ated with fasting and/or 1-h glucose were
negatively associated with FPG and posi-
tively associated with 1-h glucose.
3-Hydroxybutyrate and its carnitine ester
(C4-OH) were positively associated with
1-h but not fasting glucose. The carnitine
ester of arachidonate (C20:4) was nega-
tively associated with both fasting and 1-h
glucose.

After BMI adjustment, Q tests did not
indicate substantial heterogeneity across
the four ancestry groups among metabo-
lites significantly associated with FPG in
meta-analysis (Supplementary Table 3).
However, some ancestry-specific asso-
ciations were evident (Fig. 1). At fasting,
this included negative association of
3-hydroxybutyrate and a long-chain acyl-
carnitine in Afro-Caribbeans and positive

BMI - Fasting Metabolites

1
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25

:

association of glycerol and arginine and
negative association of AC C5-DC, a prod-
uct of serine/lysine/tryptophan metabo-
lism and/or gut microbial action, in
Mexican Americans. For 1-h metabolites,
significant heterogeneity was evident for
several metabolites after maternal BMI
adjustment, notably, lipids, carnitine es-
ters of long-chain fatty acids, and an
amino acid (Supplementary Table 5),
due largely to varied strengths of associ-
ation. Ancestry-specific associations of
serine and several long- and short-
chain acylcarnitines were also present
at1h.

Maternal BMI
Associations of maternal metabolites
with maternal BMI were determined
without and with glucose adjustment at
the time point corresponding to metabo-
lite measurement. Associations after glu-
cose and FDR adjustment are shown in
Fig. 2. Supplementary Tables 6-9 provide
association data for all metabolites
tested.

Few differences were observed in me-
tabolites associated with maternal BMI in
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meta-analyses before and after maternal
glucose adjustment. The association of
fasting lactate, leucine/isoleucine, and
stearoyl carnitine (C18) with maternal
BMI was attenuated by maternal FPG
adjustment, whereas tyrosine and three
carnitine esters, C14:2, C4-DC/Ci4-DC,
and C10-OH/C8-DC, were associated
with BMI only after FPG adjustment (Sup-
plementary Tables 6 and 7). One hour
postglucose, associations of three carni-
tine esters, C10, C16:2, and C16:1-OH/
C14:1-DC, with maternal BMI were atten-
uated after maternal 1-h glucose adjust-
ment (Supplementary Tables 8 and 9).
Multiple amino acids and their metab-
olites were associated with maternal BMI
in meta-analyses after maternal glucose
adjustment. Valine and a BCAA metabo-
lite (C5) were associated at both fasting
and 1 h and BCAAs and their carnitine
esters (C5:1, C5-OH/C3-DC) at 1 h. Aro-
matic amino acids phenylalanine and
tyrosine along with arginine, asparagine/
aspartate, and glutamate/glutamine
were positively associated with maternal
BMI at fasting and 1 h. Finally, fasting
glycine was negatively associated whereas

BMI - 1 Hour Metabolites
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Figure 2—Chord diagrams of fasting metabolite associations with maternal BMI (left panel) and 1-h metabolite associations with maternal BMI (right
panel) in the four ancestry groups. Fasting and 1-h metabolites associated with maternal BMI were adjusted for fasting and 1-h glucose, respectively.
Metabolites are arranged by metabolite class, and those in purple font were significantly associated with the respective phenotype in the meta-analysis.
Metabolites with no connecting chords were significant in the meta-analysis but not in any one cohort. Metabolites in black font were significant in only
one or two ancestry groups and not the meta-analysis. The width of the bar under each metabolite is proportional to the strength and number of
associations across groups. Individual chords to each metabolite indicate associations that were significant in that ancestry group, with the width of the
chord being proportional to the strength of the association. Positive and negative associations are indicated by lighter and darker colors as shown in the
legend on the right. GC, glycolysis; TCA, tricarboxylic acid cycle.
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1-h proline was positively associated with
maternal BMI.

Multiple lipid metabolites were associ-
ated with maternal BMI in meta-analyses.
This included positive association of fast-
ing triglycerides and fasting and 1-h
3-hydroxybutyrate, 3-hydroxybutyryl car-
nitine (C4-OH), NEFA, and glycerol. At
both fasting and 1 h, carnitine esters of
several mono- (C18:1 to C8:1) and poly-
unsaturated (C18:2, C14:2, and C10:2)
long- and medium-chain fatty acids were
positively associated with maternal BMI.
The carnitine esters of several long-chain
saturated fatty acids (C22, C20, and C18)
were negatively associated and a medium-
chain carnitine ester (C8) positively associ-
ated with maternal BMI at 1 h but not
fasting. Finally, fasting and 1-h acetylcarni-
tine (C2), a by-product of glucose, amino
acid, and fatty acid oxidation important
for carnitine cycling in mitochondria,
were positively associated with maternal
BMI.

In ancestry-specific analyses, the most
notable differences in maternal BMI asso-
ciations after maternal glucose adjust-
ment were in Thais across both time
points and Afro-Caribbeans at fasting
(Fig. 2 and Supplementary Tables 7 and
9). Overall, Thais showed fewer associa-
tions of metabolites with maternal BMI
compared with other ancestry groups,
with the exception of BCAA, which were
positively associated in Thais but weakly
or not associated in the other ancestries.
The fasting state was notable for positive
associations of multiple short- and long-
chain acylcarnitines with maternal BMl in
Afro-Caribbeans but not other ancestry
groups.

Maternal Insulin Sensitivity
Associations of maternal metabolites
with maternal insulin sensitivity were de-
termined without and with maternal BMI
adjustment at the time point corre-
sponding to metabolite measurement.
Associations after BMI and FDR adjust-
ment are shown in Supplementary Fig. 1.
Supplementary Tables 10 and 11 provide
association data for all metabolites
tested.

In meta-analyses, fasting and 1-h
BCAA, their carnitine esters, and the aro-
matic amino acid phenylalanine were as-
sociated with maternal insulin resistance
before and after BMI adjustment (except
for 1-h leucine/isoleucine after BMI ad-
justment). Tyrosine was associated with

insulin resistance only at fasting, and that
association was attenuated after BMI
adjustment. Glycine, which is positively
associated with insulin sensitivity in non-
pregnant populations (28,29), was posi-
tively associated with insulin sensitivity
at fasting and 1 h, although associations
were again attenuated at both time
points after BMI adjustment. Otherwise,
fasting and 1-h levels of gluconeogenic
substrates, including alanine, arginine,
proline, glutamate/glutamine, aspartate/
asparagine, and lactate, were associated
with insulin resistance.

Among lipid-related metabolites in
meta-analyses, fasting and 1-h triglycerides
were associated with insulin resistance,
as was 1-h glycerol. 3-Hydroxybutyrate
and NEFA were associated with insulin
resistance 1 h postglucose, but these
associations were attenuated after BMI
adjustment. Otherwise, a number of
fasting acylcarnitines of medium- and
long-chain fatty acids were positively as-
sociated with insulin sensitivity; several
of these associations were evident only
after BMI adjustment.

Ancestry-specific associations were ob-
served before and after adjustment for
maternal BMIin all four ancestries. In gen-
eral, there were more ancestry-specific
associations at 1 h compared with fast-
ing, and associations were largely with
medium-/long-chain acylcarnitines and
amino acid metabolites.

Metabolite Levels Across Ancestry
Groups

Given the different environments and ge-
netic backgrounds of mothers from the
four ancestry groups, subsequent analy-
ses determined whether serum metabo-
lite levels were similar or different across
the ancestry groups. Summary statistics
for serum levels of all metabolites in
each ancestry group are provided in
Supplementary Table 12. Patterns of se-
rum levels of maternal metabolites across
ancestry groups are shown for maternal
metabolites significantly associated with
one or more maternal phenotypes in
Fig. 3. Three patterns were observed
both fasting and 1 h postglucose. Some
metabolites, including lactate, glycine,
asparagine/aspartate, and phenylalanine
together with additional amino acids and
long-chain acylcarnitines, had highest
levels in Europeans, lower levels in Afro-
Caribbeans and Thais, and intermediate
levels in Mexican Americans. A second

Jacob and Associates

group of medium- and long-chain acyl-
carnitines had highest levels in Afro-
Caribbeans and Mexican Americans,
with lower levels in Thais and Europeans.
Levels of the third and largest group of
metabolites, including amino acids, acyl-
carnitines, and lipids, were similar in all
four ancestry groups.

Unique and Common Metabolites
Across Phenotypes

Maternal BMI, insulin sensitivity, and
glucose are interrelated phenotypes.
To identify common and unique associa-
tions, metabolites associated in meta-
analyses with maternal glucose adjusted
for BMI, BMI adjusted for glucose, and
insulin sensitivity adjusted for BMI were
considered, and overlap or lack thereof
was assessed (Fig. 4).

At fasting, carnitine esters of several
monounsaturated fatty acids (C12:1 to
C18:1) were associated with all pheno-
types, as were glutamine/glutamate, as-
paragine/aspartate, and valine. However,
these carnitine esters were negatively
associated with FPG but positively associ-
ated with maternal BMI and insulin resis-
tance. Isoleucine/leucine, carnitine esters
of their catabolites, and phenylalanine
were associated with insulin resistance or
both BMI and insulin resistance. Carnitine
esters of arachidonate and several satu-
rated fatty acids were associated with
FPG, whereas tyrosine, glycine, and
3-hydroxybutyrate and its carnitine ester,
as well as carnitine esters of polyunsatu-
rated fatty acids, were associated with
BMI. Overall, BMI demonstrated the
most unique associations with fasting
metabolites. FPG was associated with
an intermediate number of unique metabo-
lites, whereas insulin sensitivity had roughly
equal overlap with BMI and glucose.

At 1 h, several metabolites were com-
mon across phenotypes, including glyc-
erol, phenylalanine, arginine, glutamine/
glutamate, asparagine/aspartate, and the
carnitine ester of palmitoleate (Fig. 4B).
Additional metabolites were associated
with both BMI and 1-h glucose, including
3-hydroxybutyrate and its carnitine ester,
BCAAs, and carnitine esters of several sat-
urated and monounsaturated fatty acids.
However, a number of metabolites were
uniquely associated with either BMI or
1-h glucose. These were largely carnitine
esters of fatty acids; however, tyrosine
was associated with BMI whereas glycine
and citrulline were associated with 1-h
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Figure 3—K-means cluster plot of metabolite levels in the four ancestry groups. Metabolites are clustered by patterns of variations in levels across ancestry
groups, and lines representing different classes of metabolites are indicated in the figure. Fasting (A) and 1-h (B) metabolites present in the different
clusters are as follows. A: Cluster 1—amino acids: alanine, arginine, leucine/isoleucine, proline, tyrosine, and valine; acylcarnitines: C2, C4-DC/Ci4-DC,
C4-OH, C4/cCia, C5, C5-DC, €8, C8-0H/C6-DC, €10, C10-0H/C8-DC, €12, C12-0H/C10-DC, C14, C14:1, C16, C16-0OH/C14-DC, C16:1, C16:1-OH/C14-DC,
C18:1-DC, C18:1-0H/C16:1-DC, and C20-0OH/C18-DC; lipids: 3-hydroxybutyrate, glycerol, NEFA, and triglycerides. Cluster 2—amino acids: asparagine/
aspartate, glutamine/glutamate, glycine, and phenylalanine; acylcarnitines: C18 and C18:1; glycolysis (GC)/tricarboxylic acid cycle (TCA): lactate. Cluster
3—acylcarnitines: €8:1, C8:1-DC, C10:1, C10:2, C10:3, C12:1, C14:2, C18:2, C20, and C20:4. B: Cluster 1—amino acids: alanine, asparagine/aspartate,
glycine, ornithine, and phenylalanine; GC/TCA: lactate. Cluster 2—acylcarnitines: C8:1, C8:1-DC, C10:1, C10:2, C10:3, C12:1, and C18:2. Cluster 3—amino
acids: arginine, citrulline, glutamine/glutamate, leucine/isoleucine, proline, tyrosine, and valine; acylcarnitines: C2, C4-OH, C4/Ci4, C5, C5-OH/C3-DC, C8,
C10-0OH/C8-DC, C12, C12-0H/C10-DC, C14, C14:1, C14:2, C16-0H/C14-DC, C16:1, C16:1-OH/C14-DC, C18:1-DC, C18:1-OH/C16:1-DC, C20-OH/C18-DC, C20,
C20:4, and C22; lipids: 3-hydroxybutyrate, glycerol, NEFA, and triglycerides. AC, Afro-Caribbean; EU, European ancestry; MA, Mexican American; TH, Thai.

glucose. Triglycerides, arachidonoyl carni-
tine, and gluconeogenic substrates ala-
nine and lactate were associated with
1-h glucose and insulin sensitivity, whereas
proline, valine, and carnitine esters gener-
ated from BCAA metabolism were as-
sociated with maternal BMI and insulin
sensitivity.

Partial correlation estimates (r,) were
calculated to compare the relative
strength of association of different me-
tabolites with maternal phenotypes. In
Supplementary Tables 13-18, fasting
and 1-h metabolites are presented based
upon their relative strength of association
according to r,, with the indicated pheno-
type. In the fasting state, gluconeogenic
substrates, alanine, lactate, and proline,
were among the metabolites most
strongly associated with FPG, whereas
3-hydroxybutyrate and its carnitine es-
ter, phenylalanine, and a medium-chain
acylcarnitine (C8:1) were most strongly

associated with maternal BMI (Supple-
mentary Tables 13 and 14). Triglycerides,
lactate, several amino acids (alanine, pro-
line, glutamine/glutamate, arginine, as-
paragine/aspartate, and phenylalanine),
and a BCAA metabolite (C5) were strongly
associated with insulin resistance (Supple-
mentary Table 15). At 1 h, 3-hydroxybutyrate
was strongly associated with all three
phenotypes (Supplementary Tables 16—
18). NEFA and lactate exhibited strong
association with 1-h glucose and insulin
resistance, whereas phenylalanine, gluta-
mine/glutamate, arginine, and the carni-
tine esters of monounsaturated fatty
acids were strongly associated with ma-
ternal BMI. Medium- and long-chain car-
nitine esters were strongly associated
with 1-h glucose, whereas triglycerides,
glycerol, proline, alanine, glutamine/
glutamate, and asparagine/aspartate ex-
hibited strong association with insulin
resistance.

CONCLUSIONS

Maternal hyperglycemia and obesity are
associated with shared and unique ad-
verse pregnancy outcomes due to meta-
bolic disturbances that accompany these
traits (5,30). Using targeted metabolo-
mics in a multiancestry cohort of preg-
nant women, we have demonstrated
that maternal BMI and glycemia have
metabolic signatures that are, in part,
shared but also unique to each pheno-
type and that these signatures largely re-
main consistent across ancestry groups.
These analyses suggest that metabolites
associated uniquely with maternal hyper-
glycemia or obesity may contribute to
their independent effects on newborn
outcomes and complement previous
work demonstrating associations be-
tween the maternal metabolome and
newborn outcomes in HAPO European
ancestry mothers (20,21).
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Figure 4—Venn diagram of fasting (A) and 1-h (B) metabolites significantly associated with either maternal BMI, fasting or 1-h glucose, and/or insulin
sensitivity in a meta-analysis across the four ancestry groups.

Fatty acids and their metabolites are
important for fetal growth and develop-
ment (31). Many of the metabolites asso-
ciated with both maternal BMI and
glycemia were lipid related, including
NEFA and carnitine esters of several
mono- (C10:1 to C18:1) and polyunsatu-
rated fatty acids. Declining levels of free
carnitine, acetylcarnitine, and short-chain
carnitine esters and stable levels of medium-
and long-chain carnitine esters during
pregnancy have been reported (32), but
their association with maternal pheno-
types has not. We observed negative

association of fasting NEFA and acylcarni-
tines with FPG but positive association
with BMI. In contrast, 1 h postglucose,
many of these same metabolites (e.g.,
AC C10:1 to C16:1 and NEFA) were posi-
tively associated with both maternal BMI
and 1-h glucose.

Fatty acid oxidation is a primary
source of carnitine esters, and lipolysis
and fatty acid oxidation increase as
plasma glucose decreases during fasting
in pregnancy (2). Thus, the negative as-
sociation of carnitine esters with FPG may
reflect increased fatty acid mobilization

and oxidation as glucose declines. Post-
glucose, greater insulin resistance, re-
flected by higher maternal BMI and 1-h
glucose, may result in higher levels of
fatty acids and their metabolic by-products
secondary to inefficient suppression of
lipolysis and incomplete fatty acid oxida-
tion due to mitochondrial dysfunction
(33,34). Mitochondrial dysfunction asso-
ciated with higher maternal BMI and in-
sulin resistance in the fasting state could
also underlie the positive association of
maternal BMI with by-products of fatty
acid oxidation. One hour postglucose,
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additional lipid-related metabolites,
e.g., glycerol and 3-hydroxybutyrate and
its carnitine ester AC C4-OH, were also
associated with both phenotypes. Similar
to nonpregnant populations (29,35),
BCAAs leucine/isoleucine were positively
associated with both maternal BMI and
1-h glucose, presumably reflecting the
impact of insulin resistance.

A novel aspect of this study is identifi-
cation of metabolic signatures uniquely
associated with maternal BMI and glyce-
mia, including differences in metabolites
most strongly associated with these phe-
notypes. Among metabolites positively
associated with both fasting and 1-h glu-
cose but not BMI were gluconeogenic
substrates lactate and alanine, consistent
with our earlier findings (18,20). Similar to
findings with the monounsaturated long-
chain acylcarnitines, carnitine esters of
several medium- and long-chain satu-
rated fatty acids were negatively associ-
ated with FPG and positively associated
with 1-h glucose. This association of sat-
urated fatty acid metabolites with mater-
nal glucose is similar to findings in
nonpregnant populations where higher
levels of ACs C8, C10, and C12 trended
with worse dysglycemia (normal vs. im-
paired FPG or glucose tolerance vs.
type 2 diabetes), but no association with
percent body fat was observed (36). An-
other fatty acid metabolite uniquely asso-
ciated with maternal glycemia was the
carnitine ester of arachidonate (AC
C20:4). Arachidonate is important for fe-
tal development and derived, in part,
from transplacental transfer (31). We
found a negative association of its carni-
tine ester with fasting and 1-h glucose,
contrasting with higher levels of fasting
arachidonate reported in women with
GDM and impaired glucose tolerance
(37). One potential explanation for this
dichotomy would be impaired maternal
arachidonate metabolism in the setting
of maternal hyperglycemia resulting in
higher arachidonate levels overall but
lower levels of its carnitine ester.

Like maternal glucose, maternal BMI
also has a unique metabolic signature
that includes a number of carnitine es-
ters, although with more mono- and poly-
unsaturated fatty acids than seen with
glucose. Recently, the association of sev-
eral plasma metabolites with maternal
prepregnancy BMI across gestation in a
cohort of 167 non-Hispanic and Hispanic
ancestry women was reported (10). In the

third trimester, associated metabolites in-
cluded two n-6 long-chain fatty acids and
3-hydroxybutyrate. In contrast to find-
ings in our larger cohort, no acylcarnitines
or amino acids, except asparagine, were
significantly associated in the third
trimester (10). Similar to that report,
we found an association of fasting
3-hydroxybutyrate and its carnitine ester
with maternal BMI, but we found an as-
sociation of additional lipid-related me-
tabolites in the third trimester, e.g.,
glycerol and triglycerides, and amino
acids, most notably the aromatic amino
acids tyrosine and phenylalanine and by-
products of BCAA metabolism (ACs C5:1,
C5, and C5-OH/C3-DC). At 1 h, maternal
BMI was associated with tyrosine, valine,
and BCAA metabolic by-products (ACs
C5:1, C5, and C5-OH/C3-DC). Aromatic
amino acids together with BCAA are asso-
ciated with type 2 diabetes risk (38). Me-
tabolites uniquely associated with either
maternal glycemia or BMI may account, in
part, for the independent effect of these
phenotypes on pregnancy outcomes.

We also examined insulin resistance.
Maternal BMI, glycemia, and insulin resis-
tance are interrelated; however, unlike
maternal BMI and glycemia, insulin resis-
tance is not associated with newborn out-
comes after adjusting for maternal BMI
(21). Multiple metabolites demonstrated
joint association with insulin resistance
and either maternal BMI or glycemia,
but only fasting leucine/isoleucine and
BCAA metabolite AC C4/Ci4 were
uniquely associated with maternal insulin
resistance. An earlier study demonstrated
no association of metabolites with insulin
resistance, but cohort size may explain
this difference (10).

A second novel aspect of our study was
determination of metabolite levels in
women of different ancestries and envi-
ronments who have varying intrinsic (e.g.,
genetic) and extrinsic (e.g., diet, exercise,
and environment) exposures (16). Metab-
olomic studies across ancestry groups
have been limited. In a previous study
of urinary metabolites in cohorts from
China, Japan, and Chicago, principal com-
ponents analysis distinguished between
metabolite profiles in the three cohorts,
consistent with genetic, dietary, and gut
microbiome differences across popula-
tions (39). A study comparing Hispanic
and non-Hispanic pregnant women dem-
onstrated similarities and differences in
metabolite levels between the two
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populations across gestation (32). This
is consistent with our findings of differ-
ences and similarities in metabolite levels
between populations in the third trimes-
ter. Despite some differences in levels
across ancestry groups, our meta-analyses
identified multiple metabolites associ-
ated with maternal phenotypes. For
example, whereas many metabolites
associated with BMI were not associated
within the Thai cohort, significance on
meta-analysis suggests similar trends
among all four cohorts, even when het-
erogeneity of effect size was detected.
These data suggest that associations of
maternal BMI, glucose levels, and insulin
resistance with maternal metabolites are
largely similar regardless of ancestral
background and environment, consistent
with intrinsic factors having a significant
impact on the response of maternal me-
tabolites to pregnancy. Determining
whether these are genetic or other fac-
tors will require future studies.

Our study had multiple strengths. First,
itincluded four ancestry groups, ensuring
that results are applicable to diverse pop-
ulations. Second, samples obtained both
fasting and 1 h after glucose provided in-
sight into two metabolic states. Third, a
large sample size from each ancestry
group was available. One limitation is
that the metabolic signatures associated
with the different phenotypes were
based on data limited to a single time
point early in the third trimester. Levels
of some metabolites are dynamic during
pregnancy (12,32,40,41), and trimester-
specific associations of some metabolites
with maternal BMI have been demon-
strated (10). A second limitation was use
of BMI measured at the OGTT, as this
reflects fetal and placental elements to-
gether with maternal elements. However,
as noted, OGTT BMI showed a 92.4% cor-
relation with calculated pregestational
BMI in our cohort.

In summary, consistent with clinical ob-
servations that associations of maternal
BMI and glucose with adverse pregnancy
outcomesare, in part, independent, these
two phenotypes are associated with
unique sets of metabolites. Although
there is clear overlap in classes of metab-
olites associated with each phenotype,
the metabolic signature of maternal
glucose is enriched for gluconeogenic
substrates whereas maternal BMl is asso-
ciated with a number of lipid-related metab-
olites. Importantly, similar to nonpregnant
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populations, our findings are consistent with
pregnancy-induced insulin resistance
and its related phenotypes being associ-
ated with mitochondrial dysfunction.
The relatively consistent associations
across ancestry groups and environ-
ments suggest a common response of
maternal metabolites to the metabolic
changes of pregnancy.
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